Chinese medicines have long history in treating cancer. With the growing scientific evidence of biomedical researches and clinical trials in cancer therapy, they are increasingly accepted as a complementary and alternative treatment. One of the mechanisms is to induce cancer cell death. Aim. To comprehensively review the publications concerning cancer cell death induced by Chinese medicines in recent years and provide insights on anticancer drug discovery from Chinese medicines. Materials and Methods. Chinese medicines (including Chinese medicinal herbs, animal parts, and minerals) were used in the study. The key words including "cancer", "cell death", "apoptosis", "autophagy, " "necrosis, " and "Chinese medicine" were used in retrieval of related information from PubMed and other databases. Results. The cell death induced by Chinese medicines is described as apoptotic, autophagic, or necrotic cell death and other types with an emphasis on their mechanisms of anticancer action. The relationship among different types of cell death induced by Chinese medicines is critically reviewed and discussed. Conclusions. This review summarizes that CMs treatment could induce multiple pathways leading to cancer cell death, in which apoptosis is the dominant type. To apply these preclinical researches to clinic application will be a key issue in the future.
Introduction
Cancer is one of the leading causes of death in the world. GLOBOCAN data revealed that approximately 12.7 million new cases of cancers have been diagnosed and 7.6 million deaths were attributed to cancers in 2008 [1] . In these lifethreatening cancers, the causes are diverse and complex and are only partially understood; the reasons why they are difficult to cure might be due to the complicated cancer hallmarks: sustaining proliferative signaling, resisting cell death, inducing angiogenesis, enabling replicative immortality, activating invasion and metastasis, evading growth suppressors, irregulating cellular energetic, genome instability, and mutation as well as tumor-promoting inflammation, and avoiding immune destruction, among which resisting cell death is the intracellular or external factors-triggered tumor action to escape from insult [2] .
Cell death has conventionally been divided into three types: apoptosis (Type I), autophagy (Type II), and necrosis (Type III) [3, 4] . Apoptosis, Type I programmed cell death (PCD), is a normal response of a physiological process; it becomes a pathological trait in many diseases including cancers when apoptosis is irregulated. It is also the major type of cell death induced by most of the frontline chemotherapeutic agents [3, 5, 6] . In the process of apoptotic cell death, cells have altered morphology such as blebbing, cell shrinkage, nuclear fragmentation, and chromatin condensation. Morphological features of Type II cell death are different from those of apoptosis, in which formation of autophagosome and cytolysis of autophagosome-lysosome 2 BioMed Research International fusion involve the degradation of the components in cancer cells through the lysosomal machinery [7] . Type III cell death is a necrotic process whose typical characteristics of necrosis include disruption of plasma membrane and induction of inflammation that have been conventionally regarded as an accidental, uncontrolled cell death. However, recent studies found that necrosis could be under control as it shared the same stimuli (cytokines, pathogens, ischemia, heat, and irradiation), signaling pathways (death receptors, kinase cascades, and mitochondrial), and protective mechanisms (Bcl-2/Bcl-x, heat shock protein) as apoptosis [5, 8] . Besides these three types of cell death, several other cell death pathways have been elucidated [4, [9] [10] [11] [12] . Since these distinct cell deaths have different subroutines, the Nomenclature Committee on Cell Death (NCCD) has proposed a set of recommendations to define cell deaths based on the biochemical and functional condensation in 2012 [9] .
Since many of the clinical anticancer drugs are originally from natural sources, such as vinca alkaloids and taxanes, up to date, some studies have focused on the herbal medicinal products, especially Chinese medicines (CMs, including plants, animals, and minerals) [13] [14] [15] [16] [17] [18] . Natural products are important sources of anticancer lead molecules. Many successful anticancer drugs come from natural products. More are still under clinical trials. The aim is to develop novel anticancer drugs derived from natural products, especially from CMs. More critical systematic studies on cellular and molecular therapeutic principle of anticancer natural products from CMs in cancer cell deaths need to be conducted.
In this review, we retrieved the relevant publications from PubMed and other databases to summarize the actions of CMs involved in inducing cancer cell death in vitro and in vivo. Besides clinical applications, other novel cell death pathways and the relevance of CMs in these fields are also discussed here.
CMs Induce Cancer
Cell Death and Their Underlying Mechanisms
CMs Induce Apoptotic Death in Human Cancer Cells.
Both intrinsic and extrinsic pathways involve activation of apoptosis by CMs in human cancer cells. The CM-initiated apoptotic cell death is mainly dependent on the activation of caspase cascade. There are two types of apoptotic caspases: initiator (apical) caspases and effector (executioner) caspases. Initiator caspases (e.g., CASP2, CASP8, CASP9, and CASP10) cleave inactive proforms of effector caspases, thereby activating them. Initially, caspases are cysteine-aspartic proteases or cysteine-dependent aspartate-directed proteases in inactive forms. They are cleaved by interacting special molecules such as Apaf-1 (apoptotic protease-activating factor-1), Fas/CD95, or tumor necrosis factor (TNF ) when apoptosis is induced in cells [9, 132] . Extrinsic apoptosis depends on caspase activation, while intrinsic apoptosis is either in caspasedependent or -independent manner [9, 133] . CMs can activate cancer cell death extrinsically, intrinsically, or both; therefore the mechanisms of CMs inducing cancer apoptotic cell death have been more diversified. [32] . UA binding with oleanolic acid could elevate the caspase-3 activity in human liver cancer cells, Huh7, HepG2, Hep3B, and HA22T [35] . Its antitumor effect was also observed in xenograft model. The results of positron-emission tomography-computed tomography (PET-CT) imaging indicated that proliferation of tumor cells declined after UA treatment in vivo [34, 134] . Generally, the mechanism of CMs to cause intrinsic cell death in cancer is caspase-dependent. CMs induced the release of cytochrome c from mitochondria [23] , which facilitated the activation of apoptotic protease-activating factor-1 (Apaf-1) and forms Apaf-1 apoptosome that bound to caspase-9 through CARD-CARD (caspase recruitment domain) interactions to form a holoenzyme complex [135, 136] . The complex cleaved caspase-3 to produce a caspase cascade resulting in cell death [94, 136] . The mechanisms of some representative CMs inducing cancer intrinsic cell death are illustrated in Figure 1 .
Apart from caspase-dependent cell death, CMs could initiate apoptosis in both caspase-dependent and caspaseindependent manners. The main biochemical pathway of caspase-independent cell apoptosis was elucidated as the results of release of mitochondrial intermembrane space (IMS) proteins and inhibition of respiratory chain. In this context, apoptosis-inducing factor (AIF) and endonuclease G (Endo G) relocated to the nucleus and mediate largescale DNA fragmentation. The serine protease, a high temperature requirement protein A2 (HTRA2), cleaved many cellular substrates including cytoskeletal proteins as well [9] . Gypenosides (Gyp), derived from Gynostemma pentaphyllum (Thunb.) Makino (Chinese name: Jiaogulan), could suppress the growth of WEHI-3 cells in vitro and in vivo through caspase-dependent and -independent apoptosis. Gyp inhibited Bcl-2, increased Bax, and induced the release of cytochrome c and depolarization of mitochondrial membrane potential (Δ ) and stimulated the activities of caspase-3 and caspase-8, suggesting that Gyp triggered caspasedependent cell death. Gyp also induced the generation of ROS and stimulated the release of AIF and Endo G, [131] resulting in caspase-independent cell death [66] . Silibinin (from Shuifeiji, silybum marinaum (L) Gaenrt) was reported to stimulate the release of HTRA2 and AIF in bladder carcinoma cell line 5637 as well as cytochrome c and activate caspase-3. Thus silibinin could induce bladder cell death in both caspase-dependent and -independent manners [100] ( Figure 1 , Table 1 ). There are some relationships between CMs and intrinsic death stimuli, for example, Scutellaria, one of the most popular CM herbal remedies, used in China and several oriental countries for treatment of inflammation, bacterial, and viral infections, and it has been shown to possess anticancer activities in vitro and in vivo in mouse tumor models [137, 138] . The bioactive components of Scutellaria were confirmed to be flavonoids [138, 139] . Chrysin is a natural flavone commonly found in honey that has been shown to be an antioxidant and anticancer agent [140] . Several studies showed that Chrysin and Apigenin could potentiate the cytotoxicity of anticancer drugs by depleting cellular GSH, an important factor in antioxidant defense [141] [142] [143] . A 50-70% depletion of intracellular GSH was observed in prostate cancer PC-3 cells after 24 h of exposure to 25 M Chrysin or Apigenin [141, 144] .
CMs Induce Apoptosis Extrinsically.
Since extrinsic apoptosis of cancer cells is initiated by binding of death receptors and their ligands, the death receptors may function as signaling gateway in which Fas/CD95 ligands (FasL/CD95L) and some cytokines such as TNF and TNF superfamily member 10 (TNFSF10, also known as TRAIL) play great roles in inducing apoptosis. These lethal cytokines activate Fas-associated protein with a "death domain" (FADD) and thereby activate caspase-8/10, caspase-3, caspase-6/7 to a cascade apoptosis response. Matrine, an alkaloid purified from Sophora flavescens Ait. (Chinese name: Kushen), induces the apoptosis of gastric carcinoma cells SGC-7901. A study using MTT assay showed that matrine inhibited SGC-7901 cells proliferation in dose-and time-dependent manners. Furthermore, the levels of both Fas and FasL were found to be upregulated after matrine treatment, which resulted in apoptotic cell death by the activation of caspase-3 [116] . Other CMs involved in the induction of extrinsic apoptosis included oridonin (from Donglingcao, Rabdosia rubescens (Hemsl.) Hara) [44] , polyphenols from green tea [88, 89] , and glycyrrhizin (from gancao, Glycyrrhiza glabra L.) [81] , as listed in Table 1 .
CMs Induce Both Intrinsic and Extrinsic Apoptosis.
Some of CMs exhibit a complex nature by inducing both intrinsic and extrinsic apoptosis. Kim et al. found that UA induced the expression of Fas and cleavage of caspase-3 and caspase-8 as well as caspase-9 and decreased its Δ . Other effects, such as Bax upregulation, Bcl-2 downregulation, and the release of cytochrome c to the cytosol from mitochondria, were caused by UA treatment [31] (Figure 1, Table 1 ).
CMs Induce Autophagic Cancer Cell Death.
Autophagic cell death is characterized with a massive cytoplasmic vacuolization resulting in physiological cell death, which is particularly induced when cells are deficient in essential apoptotic modulators such as Bcl-2 family and caspases. Some of the CMs induce autophagy via several signaling pathways that mediates the downregulation of mammalian target of rapamycin (mTOR) and upregulation of Beclin-1 [4, 5, 12] (Figure 2 ). We previously reported that fangchinoline (isolated from Fangji, Stephenia tetrandra S Moore) triggered autophagy in a dose-dependent manner on two human hepatocellular carcinoma cell lines, HepG2 and PLC/PRF/5. Blocking fangchinoline-induced autophagy process would alter the pathway of cell death leading to apoptosis; thus cell death was an irreversible process induced by fangchinoline [34] . Cheng et al. reported that the exposure of murine fibrosarcoma L929 cells to oridonin led to the release of cytochrome c, translocation of Bax, and generation of ROS. Additionally, oridonin induced autophagy in L929 cells through p38 and NK-B pathways. Autophagy occurred after oridonin treatment and blocking autophagy caused apoptosis [39, 40] . These observations suggested that autophagic cell death governed the cell fate upon CMs treatment. General information of CMs inducing autophagic cell death is summarized in Table 1 . Figure 2 further illustrates the mechanisms of some representative CMs inducing autophagic cell death.
CMs Induce Necrotic Cancer Cell Death.
Necrosis is classified as nonprogrammed cell death in the absence of morphological traits of apoptosis or autophagy. This phenomenon gives rise to "uncontrolled" cell death, loss of ATP, and membrane pumps [4] . In contrast to these features, recent study showed that necrosis exhibited its regulated characteristic, in other words, necroptosis [9] . This process involved alkylating DNA damage, excitotoxins, and ligation of death receptors under some conditions, which depended on the serine/threonine kinase activity of RIP1, target of a new cytoprotective agent, necrostatins. Others that affected the execution of necroptosis were named cyclophilin D, poly (ADP-ribose) polymerase 1 (PARP-1), and AIF [145] . Several researches on CMs have focused on the study of necrosis or necroptosis. Shikonin, a component extracted from Lithospermum erythrorhizon Siebold & Zucc. (Zicao), has been found to induce necrotic cell death in MCF-7 and HEK293. Han et al. reported that cell death pathway of shikonintreated cells was different from either apoptosis or autophagic cell death in which loss of plasma membrane integrity was one of the morphology of necrotic cell death, but loss of Δ and elevation of ROS did not critically contribute to cell death due to the protection by necrostatin-1 [106, 107] . ROS and Ca 2+ elevated permeability transition pore complex-(PTPC-) dependent mitochondrial permeability transition (which was also induced by RIP1), while necrostatin-1 specifically prevented the cells from necroptosis. In summary, shikonin could induce cancer cells into necroptosis. , induced 24 ± 9% of necrotic/late apoptotic in HeLa cells and 67 ± 21% necrotic in HeLa 0 cells. These data suggested that induced necrosis was associated with low levels of ATP and defective apoptotic mechanisms in some cancer lines [21] . Table 1 shows general information of CMs-induced necrotic cell death. Figure 3 illustrates the mechanisms of some representative CMsinduced necrotic cell death.
Discussion
As one of the typical cancer hallmarks, cell death has attracted great attention in recent years and the study of this biological process with intervention of CMs will explore a novel way to treat cancers clinically. However, many CMs have not been approved for clinical use yet. To further investigate the efficacy and toxicity of CMs, further researches and clinical trials are necessary. In addition, a lot of CMs have been directly used as composite formula in cancer clinics according to Chinese medicine's theories for centuries. However, limited composite formula-induced anticancer action via cell death pathway is known and only few researches have been conducted from in vitro study, for example, Huang-lian-jie-dutang (Japanese name: oren-gedoku-to) induced apoptotic cell death in human myeloma cells [146] , HepG2, and PLC/PRF/5 cells [147] . More studies on composite Chinese medicine formula with good quality control would be needed at the molecular and cellular level.
As mentioned above, CM may exhibit integrated or additive anticancer effect through two or more subpathways. Triptolide (from Leigongteng, Tripterygium wilfordii Hook. f.) could induce both caspase-dependent and -independent apoptotic cell death by activating caspase-3, caspase-8, and caspase-9 and Bax but decreasing Bcl-2 [36-38, 113, 148-152] . These studies indicated that CMs might function on multiple modes in cancer cells which need further studies [12, 153] (Figure 1) . With regard to cell deaths, through integrated or additive effect, we have conducted a study to explore how berberine (from Huanglian, Coptis chinensis Franch) induced cell death in human liver cancer cells, HepG2, and MHCC97-L. We found that the chemical induced both apoptosis and autophagy, in which autophagy accounts for 30% of berberine-induced HepG2 cell death, while apoptosis was responsible for the most contribution to liver cancer cell death. With regard to the underlying mechanism of berberine-induced autophagic and apoptotic cell death, our data demonstrated it could induce Bax activation, formation of PTPC, reduction of Δ , and release of cytochrome c and Beclin-1 [111] . Similar to apoptosis, autophagy and necrosis/necroptosis affect PTPC, ROS, Ca 2+ , Bcl-2, Bax, AIF, PARP, and other cytokines during programmed cell death; it was reported that berberine induced necrosis in B16 cells [112] . But it is unknown whether berberine can induce programmed necrosis in HepG2. The cross talk among the three cell death pathways may lead to therapeutic implications. For instance, the selective inhibition of necrosis or apoptotic cell death may defend inflammation and thereby reduce subsequent tissue damage. Besides, it may serve as a novel therapeutic strategy by inducing necrotic cell death on apoptosis resistant cancer cells [109, 145] .
The effectiveness of cancer chemotherapy significantly depends on apoptosis in cancer cells, while the significance of autophagy and necrosis in cancer therapy needs to be further clarified. Several reports showed that some CMs induced autophagy and inhibited cell apoptosis [30, 37, [45] [46] [47] [48] . In contrast, some may induce autophagy leading to apoptosis [36, 41, 111] . In this context, autophagy might act as a housekeeper which eliminated abnormal proteins and recycles materials during cell starvation [7, 154] . Cell death pathway could switch to apoptosis or necrosis by inhibiting autophagy [4, 9] . However, the molecular mechanism between apoptosis and programmed necrosis (or necroptosis) is still unclear.
In addition to the above three types of cell death, there are other new types of cell death. Ginsenoside Rh2 (From Renshen) exhibited significant effects on cell death in colorectal cancer cells, HCT116 and SW480. Besides inducing apoptosis through activation of p53 pathway, Ginsenoside Rh2 also increased visible cytoplasmic vacuolization in HCT116 cells, which were blocked by cycloheximide (CHX), a protein synthesis inhibitor. Due to the characteristic of paraptosis as visible cytoplasmic vacuolization without disruption of the cell membrane [155, 156] , Ginsenoside Rh2 was proposed as a paraptosis-like cell death inducer [42, 58, 59] . Berberine and a modified Chinese formula, Yi Guan Jian, might induce cancer cell anoikis [113, 149, 157] . Pharicin A (from Xiangchacai, Isodon amethystoides (Benth.) H. Hara) [123] and casticin (from Manjing, Vitex rotundifolia L.f.) [124] initiated mitotic catastrophe in cancer. Apart from the above-mentioned cell death, several other cell death pathways such as cornification, entosis, netosis, parthanatos, and pyroptosis have also been discussed elsewhere [4, [9] [10] [11] [12] . However, to the best of our knowledge, none of the CMs is found to be involved in these novel pathways.
In summary, this paper reviewed 45 pure compounds and extracts from CMs which can induce different cancer cell death and the underlying mechanisms. The overview of the flow chart is shown in Figure 4 . Apparently, cell death is not only one mechanism of all these pure compounds and extracts for cancer therapy, but also via other mechanisms such as antiproliferation, anti-invasion, anti-angiogenesis, and anti-inflammation [15] . Since the natural sources of CMs are raw or processed materials focusing on low-or nontoxic dosages, while all these CMs in this review are pure single compounds or extracts which induce cell death by cytotoxic dosage, we should pay attention to careful explanation of the results of all these CMs. Basically, CM practitioners do not use pure compounds to treat diseases, but CM practitioners begin to integrate traditional use with results derived from modern research including characteristics of CMs inducing cell death for cancer therapy in recent years. For example, berberine, a main active compound of huanglian, is not directly used in CM clinical practice, but the various effects of berberine in cancer cell models will bring some new insight into clinical usage of huanglian when CM practitioners use huanglian combined with other herbs to treat cancer Tang et al., [158] . Usually, huanglian was used in low dosage 2-5 g to treat diseases, while high dosage of huanglian at 15-30 g was also suggested for use in recent years because we found that berberine could inhibit cancer cell migration in low dosage, while berberine could induce cell death in high dosage with safety Tang et al., [15, 111, 158] . For the high dosage of huanglian, it needs further validation by clinical study. On the other hand, limited composite formula-induced anticancer action via cell death pathway is known and only few researches have been conducted from in vitro study; more studies on composite Chinese medicine formula with good quality control would be needed at the molecular and cellular level and clinical studies.
Conclusions
This review showed that CMs treatment could induce multiple cancer cell death pathways including apoptosis, autophagy, necrosis, and other kinds of cell death, in which apoptosis is the most dominant type. How to apply these preclinical researches to clinical application will be a key issue in the future. The summary about CMs inducing cell death in this systematic review may offer insight into future development of cancer drug discovery from CMs and clinical application of CMs in cancer treatment.
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